Because the evidence on existence of the genuine avian leptin gene has been revealed in several birds, debate about the existence of avian leptin will finally stop. Over the past 15 years, many researchers struggled to find avian leptin as well as to determine physiological roles of leptin in birds. During these processes, orthologue of leptin receptor (LEPR) has been identified in several birds and of which function was also deeply investigated.
Introduction
The leptin gene was identified as a product of the ob gene in 1994 and mutation of the gene results in obese and infertile phenotypes (Zhang et al., 1994) . After leptin was identified, numerous studies were conducted for diagnoses and improvement of metabolic syndrome in humans. Leptin studies have also been conducted on farm animals because of their economic importance (Macajova et al., 2004) .
Whereas the roles of leptin have been investigated by many researchers (Ohkubo and Adachi, 2008, review) , the existence of avian leptin remained controversial in poultry, until the roles of leptin were investigated by a number of researchers (Friedman-Einat et al., 1999; Pitel et al., 2000; Dunn et al., 2001; Amills et al., 2003) . However, the molecular biology of the avian leptin system has developed over the past decade and has helped to generate evidence for authentic leptin in birds.
This review summarizes recent advances in avian leptin biology that will help prospective poultry production studies.
Leptin Receptor: Structure, Localization
and Signal Transduction
Structure of the Leptin Receptor
The leptin receptor (LEPR) belongs to the class I cytokine receptor superfamily, which shares common structural features and signal transduction pathways with cytokines (Tartaglia et al., 1995) . The LEPR extra cellular domain is composed of two cytokine receptor-homologous regions (CRHs), an immunoglobulin-like domain, and two fibronectin type III domains. The second CRH on the membrane proximal side (CRH-2) is referred to as the leptin-binding domain (Haniu et al., 1998) . The immunoglobulin-like and fibronectin type III domains are crucial for signal transduction without disrupting receptor binding (Zebeau et al., 2005; Peelman et al., 2006) . Typical motifs involved in cytokine signaling, such as the Janus kinase (JAK) binding site and tyrosine residues contributing to the recruitment of signal transducer and activator of transcript (STAT), are also observed in the LEPR cytoplasmic domain. Six LEPR isoforms in mammals, which differ in length of the cytoplasmic domain, are derived from one gene by alternative splicing (Lee et al., 1996) . The longest isoform, the socalled LEPRb, possesses a complete structure and fully transduces the leptin signal in target cells. Short isoforms have a JAK binding domain, which is able to initiate a signaling cascade with other pathways besides the STAT3 pathway (Frühbeck, 2006) . The soluble leptin receptor serves as a carrier protein to deliver the hormone to its membrane receptors (Löllmann et al., 1997; Lammert et al., 2001) .
Avian LEPR cDNA was first cloned in chickens (Horev et al., 2000; Ohkubo et al., 2000) and thereafter identified in turkeys (Richards and Poch, 2003) and duck (Wang et al., 2011) . The avian LEPR cDNA possesses a long intracellular domain, which corresponds to the orthologue of mammalian LEPRb. Furthermore, chicken LEPR can be expressed in mammalian cell lines and chicken tissues, and its molecular weight has been estimated at 180 kDa (Ohkubo et al., 2007) . In addition, the short isoform of chLEPR cDNA was recently cloned in chickens and generated by alternative splicing using the short-form specific exon located between exons 19 and 20 of the chLEPR gene . The short form chLEPR contains a JAK2 binding domain but no tyrosine residues contributing to STAT3 recruitment. The short LEPR in chickens may not activate the JAK2-STAT3 signaling pathway, as signal transduction through the shortform chicken LEPR remains unknown. Other splicing variants occurring in the leptin binding domain have been identified in the hypothalamus and pituitary gland of several breeds of chickens . One generates a shorter LEPR partially lacking CRH-2 and the other two molecules create a stop codon as a result of a frame shift. Therefore, they would be unlikely to transduce the leptin signal if it were to be translated.
The gene encoding LEPR is clearly mapped on chromosome 8 in the chicken (Dunn et al., 2000) . The Zebra finch (Taeniopygia guttata) LEPR gene is also localized on chromosome 8, which is the corresponding chicken chromosome (Accession No. NC_011472.1).
Signal Transduction by JAK2 and STAT3
The longest form of the LEPR constitutively associates with JAK2. The LEPR associated with JAK2 rapidly phosphorylates STAT1, STAT3, and STAT5 proteins following leptin binding (Baumann et al., 1996; Ghilardi et al., 1996; Rosenblum et al., 1996) in vitro. However, STAT3 and STAT5 are primarily phosphorylated in the hypothalamus of mammals (Vaisse et al., 1996; McCowen et al., 1998; Gong et al, 2007) . chLEPR also activates the JAK2-STAT3 signaling cascade after leptin stimulation. Leptin phosphorylates STAT3, which activates the leptin inducible promoter (Adachi et al., 2008 (Adachi et al., , 2012 Hen et al., 2008) . In addition, AG490, a JAK2 inhibitor, mimics leptin-induced luciferase activity (Adachi et al., 2008) . Leptin also phosphorylates STAT5 in chLEPR-expressing mammalian cells (Ohkubo and Adachi, 2008) . JAK2 phosphorylates Tyr985, Tyr1077, and Tyr1138 in the intracellular domain of mammalian LEPR, which interact with downstream signaling molecules. The three tyrosine residues are conserved at positions 976, 1071, and 1129, respectively, in the chLEPR (Horev et al., 2000; Ohkubo et al., 2000) . Tyr1138 is responsible for STAT3 phosphorylation (Banks et al., 2000; Hekerman et al., 2005) . A Tyr1129 mutation in chLEPR abolishes leptin-dependent phosphorylation of STAT3, as observed in the mammalian Tyr1138 mutated LEPR (Adachi et al., unpublished observation) . Therefore, the activation mechanism of the JAK2-STAT3/5 pathway is conserved between birds and mammals, and STAT3 is probably the primary signaling molecule in the chLEPR signal transduction pathway (Fig. 1 ).
3. Signal Transduction Pathways Other than JAK2-STAT3
Although leptin transduces multiple signals other than
Journal of Poultry Science, 51 (4) JAK2-STAT3 to exhibit physiological actions in mammals (Morris and Rui, 2009) , the leptin-inducible signaling cascades are less investigated in birds. Leptin increases expression of protein kinase A (PKA) and decreases mitogen-activated protein kinase (MAPK) expression in chicken granulosa cells and ovarian fragments (Sirotkin and Grossman, 2007) . Our group recently determined that leptin activates the chicken growth hormone (chGH) promoter with Pit-1, which occurs with JAK2 dependently and does not require STAT3 in vitro (Murase et al., unpublished observation) . JAK2 activates p42/44MAPK and PI3K as well as STAT3 (Morris and Rui, 2009 ). We also found that inhibiting the p42/44MAPK and phosphatidylinositol 3-kinase (PI3K) pathways partially attenuates leptin-induced chGH gene transcription. In addition, casein kinase 2 (CK2) is also involved in activation of the chGH promoter by p42/44 MAPK and PI3K (Murase et al., unpublished) . CK2 is a widely expressed kinase, involved in cell survival and proliferation (Litchfield, 2003) . Cytokines, including leptin, also regulate cell survival and proliferation. Therefore, CK2 is an important molecule for cytokine signaling. Furthermore, there is evidence that Src family members such as cSrc and Fyn are also involved in leptin action in mammals (Jiang et al., 2008) . We found that a Src family kinase inhibitor (SU6656) significantly suppressed leptin-induced chGH promoter activity (unpublished data), and by which Src-family kinase may also be involved in the signaling pathway through avian LEPR. However, signaling mechanisms other than JAK2-STAT3 need to be further investigated.
4. Inhibition of Leptin Signaling by Suppressor of Cytokine Signaling 3 (SOCS3)
Signal transduction pathways elicited by cytokines and hormones regulate distinct stages of development. SOCS proteins negatively regulate cytokine signaling mediated by the JAK-STAT cascade (Endo et al., 1997; Naka et al., 1997; Starr et al., 1997) . The SOCS family comprises at least eight isoforms, comprising SOCS1-SOCS7 and CIS, sharing similar structural features Minamoto et al., 1997; Hilton et al., 1998) . In the chicken, leptin induces SOCS3 mRNA expression in LMH cells and activates the chicken SOCS3 gene promoter (Adachi et al., 2013) . Overexpression of chicken SOCS3 inhibits JAK2-STA3 signaling through chLEPR (Adachi et al., 2013) , indicating that the inhibitory mechanism associated with leptin signaling is well conserved between birds and mammals. Although SOCS3 interacts with phosphorylated Tyr985 and JAK2 to inhibit JAK2-STAT3 signaling through LEPRb in mammals (Bjørbaek et al., 1998; Banks et al., 2000) , chicken SOCS3 may bind directly with JAK2, but not necessarily with the LEPR to inhibit leptin signaling in the chicken (Adachi et al., 2013, not restore SOCS3-dependent inhibition. In contrast, a mutation of Phe 25 of SOCS3, which is crucial for the interaction with JAK2, does not show an inhibitory effect through chLEPR or chLEPR Tyr976Ala. SOCS1 inhibits interferon (IFN)-γ signaling, even when the SOCS1 docking site in the IFN-γ receptor is mutated (Starr et al., 2009) . Furthermore, SOCS3 partially decreases Jak1, Jak2, and TYK activation in the absence of the cytokine receptor (Babon et al., 2012) . The binding affinity of SOCS3 to LEPR may be lower in chickens than in mammals, but SOCS3 tightly binds with JAK2.
Physiology of Leptin in Birds
The leptin receptor mRNA is widely expressed in central and peripheral tissues in birds (Fig. 3) . This may reflect the diverse roles of leptin in birds. Most studies that have identified leptin actions in birds have been conducted by injecting mammalian leptin because mammalian leptin transduces the signal through chLEPR (Adachi et al., 2008 (Adachi et al., , 2013 Hen et al., 2008 : Yosefi et al., 2010 , falcon leptin specifically interacts with chLEPR (Prokop et al., 2014) . Therefore, earlier studies based on injecting mammalian leptin are likely to explain the proper actions in birds, but further experiments should be conducted to demonstrate a homologous system.
Food Intake and Metabolism
Because leptin acts as a satiety signal via the hypothalamic LEPR in mammals (Schwartz et al., 1996) , it has been administered to birds of various ages and breeds to evaluate its role in appetite control. Food intake, which is regulated by leptin, is dependent on age and breed. For example, intracerebroventricularly injected leptin does not affect feeding behavior in 2-day-old broilers or layer chicks (Bungo et al., 1999) . However, an intracerebroventricular injection of leptin reduces food intake in broilers and White Leghorn hens in a dose-dependent manner (Denbow et al., 2000) . Leptin lowered food intake in a White Plymouth Rock chicken population with low body weight at eight weeks-ofage but not in those with high body weight and of the same age (Kuo et al., 2005) . Intravenous or intraperitoneal injections of leptin decreased food intake in 9-day-old broilers (Raver et al., 1998; Dridi et al., 2000a) and 5-week-old male layer chickens (Dridi et al., 2000a) . However, the same group showed that an intraperitoneal injection of leptin significantly reduced food intake in 9-day-old layer chicks but not in broiler chicks of the same age (Cassy et al., 2004b) . This discrepancy can be explained by a strain difference. It has been suggested that leptin modifies mRNA expression toward orexigenic and anorexigenic factors in the brain of birds. For example, leptin decreases neuropeptide Y, melanocortin receptor (MCR) -4, and MCR-5 mRNA expression in the chicken hypothalamus, despite leptin remaining unchanged for anorexigenic factors, such as proopiomelanocortin and corticotrophin releasing hormone (Dridi et al., 2005) . In addition, hypothalamic expression of fatty acid synthase (FAS) is reduced by treating chickens with leptin (Dridi et al., 2005) . Inhibiting FAS reduces food intake in mammals (Loftus et al., 2000; Shimokawa et al., 2002) . Ons et al. (2010) reported that leptin downregulates visfatin, an orexigenic factor found (Cline et al., 2007) in the hypothalamus and liver of broilers. The leptin-induced anorexigenic effect in chickens is, in part, thought to be associated with nitric oxide (NO) synthesized in the brain because leptin inhibits NO levels in the chicken hypothalamus (Yang and Denbow, 2007) . NO is an important regulator of food intake in mammals (Morley et al., 1995) . Administration of NO synthase (NOS) inhibitor to broilers decreases food intake (Choi et al., 1994 (Choi et al., , 1995 . Recent Journal of Poultry Science, 51 (4) 346 Fig. 3 . LEPR mRNA expression in the tissues in 5 weeks-old female chickens. mRNA expression was determined by RNase protection assay, which was showed as relative amounts to that of hepatic mRNA assigned as one. Data represents mean±SEM (n＝3). (Modified from Ohkubo et al., 2000) . evidence also indicates that hypothalamic neurons specifically expressing LEPRb and neuronal NOS are the key for controlling energy balance and glucose homeostasis (Leshan et al., 2012) . Leptin is also effective for regulating food intake in wild birds because leptin significantly decreases cumulative food intake in great tits (Parus major) (Lõhmos et al., 2003) . Chronic administration of leptin decreases body weight in Asian blue quail (Coturnix chinensis) by modulating feeding behavior (Lõhmos et al., 2006) , whereas leptin fails to decrease food intake in adult Japanese quail (Coturnix japonica) (Macajova et al., 2003) .
Leptin also regulates nutrient metabolism and energy homeostasis in birds. Acetylcoline-induced insulin secretion is suppressed by leptin in chicken pancreatic islet cells (Benomar et al., 2003) , and insulin reduces LEPR mRNA expression in chicken hepatoma cells (Cassay et al., 2003) . Leptin increases mRNA expression of FAS (Dridi et al., 2005) and stearoyl-CoA desaturase (Dridi et al., 2007) in the liver of broilers. Furthermore, in ovo leptin administration upregulates mRNA expression of sterol regulatory element binding protein-1 (SREBP-1c), SREBP-2, hydroxyl-3-methylgulutaryl coenzyme A reductase, and cholesterol 7a hydroxylase 1 at hatching. SREBP-1c and SREBP-2 proteins also increase following leptin injection (Hu et al., 2012) . These results suggest that leptin is associated with lipid metabolism in chickens. Further investigations are required to understand these actions in birds using the homologous leptin gene and protein.
Reproductive Functions
The ovary is a well-established target of leptin in birds, and LEPR mRNA expression has been detected in the ovary (Ohkubo et al., 2000; Paczoska-Eliasiewicz et al., 2003) . Leptin-modified ovarian steroidogenesis caused by fasting attenuates fasting-induced cessation of egg laying and regression of yellow hierarchical follicles (PaczoskaEliasiewicz et al., 2003) . A similar result was obtained in domestic ducks that leptin infusion promotes recovery of a regressed ovary due to fasting, which may be associated, in part, with estrogen synthesis (Song et al., 2009) . There is also evidence that leptin stimulates the release of progesterone and estradiol from ovarian cells in culture (Sirotkin and Grossman, 2007) . Moreover, a daily injection of leptin advances the first oviposition in chickens, during which a rise in luteinizing hormone, estradiol, and progesterone is observed (Paczoska-Eliasiewicz et al., 2006) . In contrast, food restriction decreases ovarian LEPR mRNA expression and restores follicular growth in broiler hens (Cassy et al., 2004a) . Administering a high dose of leptin inhibits recovery of ovarian function in ducks (Song et al., 2009) . Regulation of ovarian function by leptin may, at least in part, be mediated through JAK2-STAT3 independent signaling. It is known that leptin activates cAMP/PKA-and MAPKdependent signaling cascades in mammalian ovarian cells (Craig et al., 2004; Choi et al., 2005; Sirotkin et al., 2007) . Leptin increases expression of PKA and decreases MAPK expression in chicken granulosa cells and ovarian fragments (Sirotkin and Grossman, 2007) . Therefore, complex regulatory mechanisms may underlie the ovarian functions of leptin.
Development and Growth
In ovo administration of leptin to Japanese quail advances hatching, increases body weight at hatch, and improves posthatch growth (Lamosová et al., 2003) . Thus, it appears that leptin induces proliferation of embryonic muscle and hepatic cells in chickens (Lamosová and Zeman, 2001 ). However, in ovo administration of leptin in chickens does not increase hatch weight Hu et al., 2012) , which was different from the observation in Japanese quail (Lamosová et al., 2003) . The reason for the discrepancy is unknown. However, post-hatch growth improves in leptin-treated chickens and quail. Leptin is more effective in enhancing growth of males rather than females. Leptin treated males and females achieved 4.2% and 6.7% greater body weight, respectively, at 21 days of age .
Immunomodulation
Leptin is also involved in the regulation of both mitogenstimulated T-cell proliferation in turkeys and Asian blue quail (Lõhmus et al., 2004) and heat shock protein 70, a biomarker of stress (Ryan and Hightower, 1996) , in the chicken hypothalamus.
Authentic Leptin in Birds
The avian leptin cDNAs reported by several groups are almost identical with that of mice Ashwell, 1999 , Dai et al., 2007 . However, other groups have questioned whether the reported avian leptin exists in the genome (Friedman-Einat et al., 1999; Pitel et al., 2000; Dunn et al., 2001; Amills et al., 2003) . In advance of the Zebra finch (Taeniopygia guttata) Genome Project of 2013, a partial leptin-like sequence was registered in the GenBank database (Accession No. XM_004175791. 1). Peregrine falcon (Falco peregrines) leptin has been identified using a bioinformatic approach and characterized (Prokop et al., 2014) . The tertiary structure of falcon leptin as estimated from human leptin (pdb accession 1 ax8) possesses a four helix structure characteristic of cytokines (Huising et al., 2006) . A phylogenetic analysis indicated that bird leptin is in an appropriate position for our current understanding of vertebrate evolution. The physiological activity of avian leptin was determined by in vitro bioassay established in our laboratory (Adachi et al., 2012; Fig. 4) . Chicken and crow blood phosphorylates STAT3 and that induces STAT3 migration into nuclei in chLEPR-and STAT3-expressing cells (Ohkubo et al., in preparation) . Therefore, bioinformatic and biological approaches confirm that leptin exists in birds and other vertebrates. Notably, the amino acid sequence of avian leptin differs from known vertebrate leptins. Earlier studies detected leptin-like immunoreactivity in avian tissues (Kochan et al., 2006 , Neglia et al., 2008 or in circulation (Dridi et al., 2000b; Quillfeldt et al., 2009 ) by using leptin antibodies against mammalian leptin; however, the amino acid sequence of authentic avian leptin indicates an immunogen that maybe inappropriate for detecting avian leptin. Further experiments should demonstrate existence of Ohkubo: Leptin Research in Birds the leptin protein in avian tissues using a specific antibody against bird leptin.
Perspective on Avian Leptin Research
Despite long-term controversy on the existence of leptin in birds, studies on the physiological functions of leptin have been conducted. Several reports show that a single nucleotide polymorphism in the chicken LEPR is significantly associated with characteristics of obesity (Wang et al., 2006; Lei et al., 2007) , indicating that the LEPR gene is a putative marker for controlling fat deposition in poultry. Leptin-like gene and activity has very recently been identified in several birds. It appears likely that the leptin system is conserved in birds, which will terminate the long debate on avian leptin. Finding genuine leptin in birds will help further advance in leptin research and can be applied to improve poultry productivity.
